A radial fractional transport model [Kullberg et al., Phys. Rev. E 87, 052115 (2013)], that correctly incorporates the geometric effects of the domain near the origin and removes the singular behavior at the outer boundary, is compared to results of off-axis heating experiments performed in the Rijnhuizen Tokamak Project (RTP), ASDEX Upgrade, JET, and DIII-D tokamak devices. This comparative study provides an initial assessment of the presence of fractional transport phenomena in magnetic confinement experiments. It is found that the nonlocal radial model is robust in describing the steady-state temperature profiles from RTP, but for the propagation of heat waves in ASDEX Upgrade, JET, and DIII-D the model is not clearly superior to predictions based on Fick's law. However, this comparative study does indicate that the order of the fractional derivative, a, is likely a function of radial position in the devices surveyed. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
A key topic in developing a magnetic confinement fusion reactor is the understanding of the transport properties. In most transport models applied to tokamak devices, the radial heat flux is described through a combination of a diffusive process driven by a local temperature gradient, i.e., Fick's law, and a convective or pinch effect, i.e.,
The present comparative study considers an idealized situation in which only the "diffusive" part of the operators is included in the comparison, and the effects of convection are not included. However, in a study aimed at developing accurate fits to individual experimental observations, the inclusion of convection may be a necessity. There are situations related to magnetically confined plasmas in which Fick's law is not an adequate representation of the diffusive flux. Examples of such non-diffusive transport include the fast propagation phenomena in perturbative transport experiments, 1-3 the non-Gaussianity of experimentally measured fluctuations, 4, 5 numerical simulations of 3-dimensional, resistive, pressure gradient-driven plasma turbulence in cylindrical [6] [7] [8] and toroidal geometry, 9 gyro-kinetic turbulence, 10 and observations of nonlocal enhanced heat transport in magnetized temperature filament experiments. 11, 12 The deficiencies associated with the standard diffusion paradigm of Eq. (1) have motivated the study of a class of nonlocal, non-diffusive transport models which are based on fractional derivative operators. Mathematically, fractional derivatives are integro-differential operators that extend the definition of regular differentiation. [13] [14] [15] In the context of transport, these operators appear in the description of generalized random walks where the underlying stochastic process (or jump) is scale-free. 16, 17 Initial applications of fractional models to transport in plasmas have focused on one dimensional (1D) Cartesian fractional derivative operators (an overview of this approach can be found in Ref. 18) . But recently, a radial fractional model 19 has been developed that incorporates the geometric effects of the domain near the origin. This radial model is derived from an isotropic 2D fractional model by azimuthally averaging the 2D fractional operator. The main goal of this manuscript is to compare results obtained from the radial fractional model to experimental measurements from several different tokamaks. In particular, the present survey focuses on experimental results from the following devices: Rijnhuizen Tokamak Project (RTP), ASDEX Upgrade, JET, and DIII-D.
In RTP, steady-state temperature profiles have been observed that exhibit a centrally hollow shape similar to profiles that are an intrinsic feature of the radial fractional model. Thus, it is pertinent to explore if the radial fractional model can adequately reproduce these measured hollow profiles. With regards to ASDEX Upgrade, JET, and DIII-D, this survey applies the fractional model to off-axis power modulation experiments performed in those devices. These devices are chosen because the equilibrium temperature profiles for each specific modulation experiment are readily available in the literature. These equilibrium profiles are needed to obtain the fractional diffusivities used in solving the fractional model numerically. For related reasons, discussed in more detail in Sec. IV, modeling of nonlocal transport phenomena observed in "cold pulse experiments" is not included in the present study.
It should be emphasized that the philosophy of the present study consists of isolating, in its purest form, the results of a radial fractional transport model and comparing them against expectations based solely on a Fick's law transport model. This approach is to be contrasted to a modeling exercise in which best fits to experimental observations are a) Electronic address: kulladam@ucla.edu obtained by judicious mixtures of fractional transport and Fick's law transport at different radial positions.
The paper is organized as follows: Sec. II reviews the technical details of the radial fractional transport model, Sec. III compares the results for each device, and Sec. IV presents a discussion of the survey results. The Appendix contains a description of the numerical scheme used.
II. RADIAL FRACTIONAL MODEL
Before comparing modeling predictions with experimental measurements, it is useful to briefly review the technical details of the radial fractional model and to explain the model equations used. In Ref. 19 , a radial fractional diffusion model is derived by azimuthally averaging an isotropic 2D fractional Laplacian operator. In an unbounded domain, the radial and temporal evolution of the temperature Tðr; tÞ is determined by the following (fractional) diffusion equation:
where the radial fractional Laplacian is given by
with the kernel given by
In Eq. (4), Fða; b; c; zÞ is Gauss's hypergeometric function, 20 r < ¼ min r; r 0 f g, r > ¼ max r; r 0 f g, and c a is a constant given by
where CðzÞ is the gamma function. 20 Note that a is the order of the fractional derivative; when a ¼ 2, the appropriate operator is the radial part of the conventional Laplacian, and Eq. (2) corresponds to the radial diffusion equation conventionally used to describe local transport according to Fick's law.
As discussed in Ref. 19 , the adaptation of the infinite domain model in Eqs. (2)-(4) to finite, bounded domains is a highly nontrivial problem due to the appearance of singularities at the boundaries. In particular, for disk domain with radius a, two modifications are introduced to obtain a singularities free, and physically plausible model. First, the kernel K a ðr; r 0 Þ is multiplied by a mask function H a ðrÞ that removes singularities in the fractional operator at the outer boundary. The mask function has the functional form
with the property that
Outside the small boundary layer of width b at r ¼ a, H a ðqÞ rapidly approaches a constant value of unity as r ! 0. 
where n e is the electron density and Sðr; tÞ is the power density associated with the heating source. The radial fractional diffusion equation given in Eq. (9) can be solved numerically using a discretization scheme for the radial fractional operator that separates the conventional Laplacian part from the (radial) Riesz fractional integration operator. 15 The details for obtaining the numerical solution are discussed in Ref. 19 and briefly reviewed in the Appendix. In the following sections, numerical solutions of Eq. (9) are compared to experimental measurements from various tokamak devices. It is to be noted that no explicit terms are included to describe radiation losses nor energy exchange with ions which are common features of these devices. Also, as mentioned earlier, convective heat fluxes, or heat pinch effects, are not included. Finally, throughout this work, the electron plasma density is normalized to a characteristic value n e and is written as n e ðqÞ ¼ n e NðqÞ. For some calculations NðqÞ ¼ 1; otherwise, appropriate density profiles are taken from the reported literature.
In the power modulation experiments of interest, the input power is a square wave modulated at a fixed frequency, f mod , so that it is convenient to write the time dependent temperature as a Fourier series 
The steady-state temperature profile (the case in which 
When it is necessary to obtain an explicit functional form of the fractional diffusivityṽ a , it is obtained from the steady-state profile and the corresponding (normalized) steady-state heat fluxq ¼ q=ða n e Þ (which is measured in keV/s), v a ðqÞ ¼ Àq ðqÞ
The normalized heat flux is found for each particular device by either integrating an assumed steady-state source profile, i.e.,q
or by using the heat flux reported in the literature associated with the specific experiment.
As an example of a temperature profile associated with the radial fractional transport model, the steady-state case with constant diffusivity, v a , constant heating on the interval [0, 0.9], and a strong off-axis heating is presented in Fig. 1 . This particular case illustrates a characteristic feature of the m ¼ 0 (steady-state) solutions of Eq. (12), namely, the formation of hollow central profiles when an off-axis heat source is applied. These hollow profiles can display extended regions of uphill transport, i.e., transport in which heat flux is in the direction of the temperature gradient, contrary to the predictions of Fick's law. The hollow profile shown in Fig. 1 exhibits a region of uphill transport extending from the plasma center to the heating source (q % 0:72) in contrast to the profile associated with the conventional diffusion case, which has a flattened peak in the interior regions and Fick's law is obeyed everywhere.
III. EXPERIMENTAL COMPARISON
This section explores applications of the radial fractional model to experiments performed in several tokamak devices. The choice of specific devices for study is determined by the availability of sufficiently detailed information in the open literature, since the data used for comparisons are digitally extracted 21 from published graphs. Based on this criterion, comparisons are made to steady off-axis heating experiments performed in RTP, 22 and to off-axis power modulation experiments performed in ASDEX Upgrade, 23 JET, 24 and DIII-D. 25, 26 In RTP, steady-state electron temperature profiles have been measured that exhibit the type of hollow profiles naturally associated with the radial fractional model, as shown in Fig. 1 . Thus, the results of RTP are compared to model temperature profiles obtained using Eq. (12) with m ¼ 0, and a constant value of v a , while the order of the fractional derivative, a is varied. The value of the temperature at the boundary (q ¼ 1) is always the same, Tð1Þ ¼ 0:2 keV.
The radial fractional model is also compared to the amplitude and phase of temperature fluctuations produced by off-axis power modulation in the tokamak devices ASDEX Upgrade, JET, and DIII-D. These particular devices are selected because the time-averaged equilibrium temperature profile for each power modulation experiment is readily available in the literature. This equilibrium temperature profile is needed to determine the steady-state fractional diffusivity,ṽ a ðqÞ, for each choice of fractional order a, from Eq. (14) and the normalized heat flux specific to each device and experimental arrangement. The effective fractional diffusivities are then used in Eq. (12) 
The Dirichlet boundary condition T ðmÞ ð1Þ for each m is set by extrapolating the measured amplitude and phase data to the boundary.
In the power modulation calculations, a spatially varying electron density is used; Figure 2 displays the density shape functions NðqÞ used in the calculations. These profiles are extracted from published figures of the measured electron density for the individual experiment assessed or, in the case of ASDEX Upgrade, from density profiles measured under similar experimental conditions. 27 For the steady RTP calculations, it is assumed that NðqÞ ¼ 1, and that n e does not vary significantly with deposition radii.
In all the calculations reported here, the mask function boundary layer parameter (refer to Eq. (6)), b ¼ 0:025 a and the boundary layer diffusion strength parameter (refer to Eq. (11)),f ¼ 1. Also, the radial fractional model assumes that the tokamak device is a torus with circular cross-section with minor radius a and major radius R 0 . Table I lists the effective minor and major radii used for each device in the calculations.
A. RTP
Steady off-axis ECH experiments performed in RTP have found hollow electron temperature profiles, 22, 28 or profiles with temperature peaks away from the origin. These steady temperature profiles are reminiscent of the hollow profiles predicted by the radial fractional model (cf. Sec. II) when v a is held constant. In these ECH experiments, the ECH source location, or deposition radius q dep , is varied and for each q dep the resultant steady temperature profile is measured. The core temperature T(0) is found to depend on q dep such that T(0) exhibits several plateaus in which T(0) remains constant over a range of q dep (see Fig. 7 in Ref. 22) . The transition between different plateaus occurs over changes in q dep sharper than the ECH deposition width. These plateaus and the sharp transition regions between plateaus are taken, among other things, as evidence of electron transport barriers (ETBs) by de Baar et al., 22 who explain the experimental results using an ETB model with transport barriers located at the rational safety factor surfaces, and an outward convective heat flux. These transport barriers are modeled in a conventional diffusion model as narrow valleys in the diffusivity which itself is constant outside the ETB. The outward heat flux is needed to produce a hollow temper- over the domain, the fractional model does predict hollow profiles for uniform v a that are in good agreement with the profiles measured in RTP. These calculations achieve good agreement with the data using a heat source of the form
Hðq; 0; 0:9Þ
and a value of v a that is chosen separately for each a to minimize the error between calculation profile and measured data. It should be noted that the Cauchy function chosen for the Ohmic source term is an ansatz; the shape of the Gaussian ECH source term is obtained from Fig. 7 in Ref. 22 . In the source given by Eq. (17), P ohm and P ech are the total integrated power due to ohmic heating and the off-axis ECH heating, respectively. For all calculations, P ech ¼ 0:35 MW. The ohmic heating power P ohm depends on q dep , since the Ohmic dissipation near the core is reduced when the ECH heating moves closer to the center and increases the conductivity. As reported by de Baar et al.:
22 "During ECH this [Ohmic dissipation] reduces to 50 kW for centrally heated discharges and 100 kW for off-axis heated discharges at q dep ¼ 0:5." In the fractional model calculations, this dependence is modeled with the following expression for the total Ohmic input power 
Also note that the constants M ohm and M ECH are integration constants chosen so that the volume integrals of the Ohmic and ECH terms equal the total powers P ohm and P ECH , respectively. Also note that Hðq; a; bÞ is the top hat function defined as
Table II gives the deposition radii q dep and average electron density n e used in the fractional model calculations performed for each plateau profile. Figure 3 shows the results of the fractional model calculations for several values of a for the plateau temperature profile labeled "B" in Ref. 22 . The central valley in the data is well fit by the highly non-local value of a ¼ 1:25 and overall the best fit-in the least squares sense-is achieved with a ¼ 1:5. When a ¼ 2:0, no off-axis peaks can occur with constant v a and the calculation temperature profile over-estimates the temperature in the core. Figure 4 reproduces the measured temperature profiles for five of the plateaus along with the fractional calculation profiles for the a that best fits the corresponding plateau profile. The trend in a appears to favor higher as when the ECH source is near the core and a lower, more non-local, a when the source location is near the outer edge of the domain. This trend could indicate that the ECH location changes the overall transport in the system and thus a changes globally when q dep is moved, or alternatively, that the system is best described by an aðqÞ that changes throughout the domain. Figure 5 shows the temperature profile for a transitional deposition radius located between different plateaus and the calculation profiles for the ETB model proposed by de Baar et al. 22 and the fractional model. The fractional order a was chosen, again, to best fit the data. For the value a ¼ 1:20, the fractional calculation fits the measured data better than the ETB model. However, it should be noted that the constant v a fractional model does not reproduce the plateaus in T(0) vs q dep as the ETB model by de Baar et al. To explore conditions under which the fractional model might be valid, the radial fractional model is applied to two discharges, each with different heating and system parameters. Discharge No: 10589 included steady Ohmic heating, a dominant modulated ECH source, and a higher modulation frequency of 100 Hz, while discharge No: 10591 included steady ECH heating and steady Ohmic heating, a weaker perturbative modulated ECH source, and a lower modulation frequency of 30 Hz. Table III summarizes the system parameters used to represent these two discharges in the fractional calculations.
For each discharge, the fractional calculation uses an effective diffusivity v a ðqÞ that is obtained from a power balance analysis using Eqs. (14) and (15), the electron density shape function NðqÞ shown in Fig. 2 , the time averaged m ¼ 0 temperature profile T 0 ¼ hTðq; tÞi, and the following form for the steady sources:
n e P ohm M ohm Hðq; 0; 0:9Þ
Note that in Eq. (20), P ohm and P ech are the total input power for the steady Ohmic and ECH heating, respectively, and M ohm and M ech are integration constants defined by
q Hðq; 0; 0:9Þ dq ¼ 1 ;
The function Hðq; a; bÞ is defined in Eq. (19) and hS mod ðt; qÞi m¼0 is the time averaged m ¼ 0 component of the modulated ECH heating, given by
Note that the functional form of the steady and modulated ECH sources, i.e., the widths and peak locations of the ECH Gaussians, is extracted from the figures of the ECH sources reported in Ref. 23 effective fractional diffusivities calculated using the steady source (20) . The fractional calculations also use electron density shapes NðqÞ taken from Fig. 2 in Ref. 27 . In Ref. 27 , electron density profiles for ASDEX Upgrade in L-mode are given for a purely Ohmic discharge (the downward pointing arrows in Fig. 2 of Ref. 27 ) and for a discharge with steady ECH heating (the square symbols in Fig. 2) . The extracted densities are normalized to the peak density values reported in Ref. 23 for the power modulation experiments and used in the calculations for ASDEX Upgrade discharge Nos. 10589 and 10591, respectively.
The calculation of the different m-modes of the thermal waves excited using Eq. (12) with a modulation source with a duty cycle of 50%, giving a mode sourceS m ðqÞ of the form
where d is a complex fitting constant whose amplitude and phase is chosen so that the calculation amplitude and phase matches the measured values at the deposition radius l mod . The values of d used in Figs. 8-10 are given in Table IV . It should be noted that in practice, modulations in electron temperature T can induce modulations in the Ohmic power source, collisional electron-ion energy exchange and radiation which can have damping effects on the T modulations. However, these effects are not included in Eq. (23) and the fractional calculations considered here. Figure 8 compares the results of the fractional calculation for discharge No. 10589 to the measured amplitude and phase data of the m ¼ 1 mode of the thermal wave. For this discharge, good agreement with the data is observed for a ¼ 1:75 on the right side of the modulated source location. (14) and (15), the time averaged temperature, the electron density shape NðqÞ given in Fig. 2 , and the steady source in Eq. (20) . The time averaged temperature is found by integrating the gradient profile reported in (14) and (15), the time averaged temperature reported in Fig. 11 of Ref. 23 , the electron density shape NðqÞ given in Fig. 2 , and the steady source in Eq. (20) . Note the a-scaling used in the units for the corresponding dimensional values. On the left, the a ¼ 1:75 amplitude and phase profiles have flattened shapes near the origin which is suggestive of the measured amplitude and phase profiles. However, quantitatively, the fractional model yields an amplitude near the center that is several orders of magnitude smaller than the measured amplitude. The flattened amplitude and phase profile of the a ¼ 1:75 calculation and the zero in amplitude near q ¼ 0:23 indicates the presence of a resonant standing wave and is a feature of the fractional model when a % 1:75; see for example the a ¼ 1:75 fractional calculation in Fig. 7 . However, it should be noted that sawteeth are present in the experimental data, with the inversion radius located at q % 0:3, which may have distorted the amplitude and phase data near the origin. Figure 9 compares the fractional results for discharge No. 10591 to the measured amplitude and phase data. In this discharge, the modulation frequency is smaller and the modulation source is small compared to the amount of steady heating power. Also, the off-axis steady ECH heating has produced a large gradient in the m ¼ 0 temperature profile at the modulation power location l mod . For this discharge, none of the fractional calculations are in good agreement with the measured amplitude and phase data. However, for the power balance diffusivities v a ðqÞ used, the best agreement is observed for the conventional diffusion case with a ¼ 2:0. As a ! 1, the calculation amplitude and phase profiles become increasingly narrow, which is a recurring feature of the fractional model results of power modulation experiments.
C. JET
In this subsection, the radial fractional model is applied to power modulation experiments performed in JET. These experiments use ion cyclotron resonance heating (ICRH) to heat the electrons and achieve the modulation in electron temperature. In what follows, the discussion focuses on experimental results reported by Mantica et al. in Ref. 24 . These experiments have been the subject of several proposed transport models. In Ref. 24 , the results of a CGT model are reported. Also, in Ref. 1, del-Castillo-Negrete et al. apply a Cartesian 1D fractional transport model to the JET experiments. In Fig. 13 , the results of the 1D Cartesian fractional model, the CGT model reported in Ref. 24 , and the radial fractional model are compared with experimental results. The radial fractional calculations use effective diffusivities v a ðqÞ that are obtained from Eq. (14) using the measured steady temperature profile, electron heat flux, and electron density reported in Figs. 6, 7, and 16 , respectively, of Ref. 24 . Note that the reported heat flux is produced by Mantica et al. with the transport code ASTRA by finding the power deposition profiles that best fit the measured data. Figure 11 shows the effective fractional diffusivities.
The radial fractional calculations also use the experimental modulation duty cycle of 50% for which the even m harmonics of the source are eliminated. For the odd harmonics, the modulated mode source is
where d is a complex fitting constant whose amplitude and phase are chosen so that the calculation amplitude and phase matches with the measured data at the modulated source location. The values of d used here are given in Table IV . The values used for the source amplitude S mod , source location l mod , and source width r mod are reported in Table V ; these values are extracted from the power deposition profile reported in Fig. 6 of Ref. 24 . Figure 12 shows the amplitude and phase of the first two harmonics (m ¼ 1; 3) of the fractional calculations. As was observed in the ASDEX Upgrade discharge No. 10591, the amplitude and phase of the fractional model become increasingly narrow as a ! 1. In this case, the best agreement between the model results and the experimental data occurs for a ¼ 2:0; however, none of the calculation amplitudes or phase agree well with the measured experimental values.
For the same discharge, Fig. 13 compares the amplitude and phase calculations from different models-namely, the Cartesian fractional model of Ref. 1, the critical gradient transport (CGT) model of Ref. 24 , and the radial fractional model discussed here. To understand the comparison between the models, it should be noted that the Cartesian fractional model consisted of a mixture of fractional diffusion and conventional Fick's law diffusion. In particular, the diffusivities used in that model are as follows: FIG. 11 . Effective fractional diffusivities for JET discharge No. 55809 extracted from power balance analysis using Eq. (14) and the measured steady-state temperature, electron density (cf. Fig. 2) , and fitted electron heat flux reported in Ref. 24 . Note the a-scaling used in the units for the corresponding dimensional values. (24) and the v a shown in Fig. 11 . 
In the radial fractional model, no conventional diffusion is included in the interior of the domain (away from the boundary layer at the edge), in part because it is not possible to determine the diffusivities for both fractional and conventional diffusion from the steady state profile alone. Both the CGT model and the Cartesian fractional model fit the experimental data better than the radial fractional model.
D. DIII-D
Results of an ECH power modulation experiment in DIII-D have been reported in Refs. 25 and 26. In this subsection, the radial fractional model is applied to the data presented in the figures shown in Ref. 25 .
In this case, the fractional model is implemented using a postulated Gaussian radial shape for the ECH heating source with parameters adjusted to minimize the deviations between 
For each a-numerical result presented, the values of S mod ðaÞ, l mod ðaÞ, and r mod ðaÞ are chosen to give the best agreement. Table VI gives the optimal parameters used. The effective fractional diffusivities are obtained from Eq. (14), and the measured steady-state profiles, electron density profiles, and heat fluxes reported in Ref. 25 for the (1, 4.5) ECH heating scheme. Figure  14 shows the resultant effective fractional diffusivities. It is seen that both diffusion models can fit the observations rather well, i.e., the phenomena being sampled are more sensitive to the source shape than the details of the transport mechanism. However, the wider source required for the fractional model is not realistic.
IV. CONCLUSIONS
This comparative study surveys applications of a new, and more realistic, fractional diffusion model to off-axis heating experiments performed in the RTP, ASDEX Upgrade, JET, and DIII-D tokamak devices. Although it may well be possible to more accurately fit individual experimental results by using a judicious mixture of fractional transport and Fick's law transport at different radial positions, this procedure has not been pursued in the present study. Rather, this study directly compares the effects of purely fractional diffusion models to Fick's law diffusion, and thus provides an initial assessment of the presence of fractional transport phenomena in magnetic confinement experiments.
For the steady-state heating experiments in RTP, the radial fractional model, with spatially uniform diffusivity v a , predicts hollow electron temperature profiles that are in good agreement with the measured temperature profiles. The results of the fractional model provide a fit as good as, or slightly better, to the data, than the ETB model investigated by de Baar et al. 22 Moreover, it is found that the best fits to the experimental profiles are obtained when the order of the fractional diffusion parameter a decreases as the location of the off-axis power deposition moves outward. This behavior suggests that in this experiment the fractional transport may not be described by a single global a, but instead may require an aðqÞ that depends on spatial position. In particular, the value of a is found to decrease as the source approaches the plasma edge. Physically, this implies that the turbulent edge environment has a larger departure from Fick's law than the plasma interior. This perspective is also supported by the comparison to the heat wave propagation in discharge No. 10589 in ASDEX Upgrade. In the region between the modulation source and the plasma edge, the best fit to the data is obtained for a ¼ 1:75, while the interior side of the plasma column a ¼ 2:0 does better.
In the power modulation experiments, the fractional model only achieves good agreement with the measurements for the high-frequency modulation in the purely Ohmic discharge No. 10589 in ASDEX Upgrade. For the lowfrequency modulation represented by discharges No. 10591 in ASDEX Upgrade and No. 55809 in JET, the fractional model predicts amplitude and phase profiles that are narrower than is observed. For both discharges, the CGT model fits the data better than the radial fractional model.
In modeling the recent DIII-D power modulation experiments, it is possible to reproduce quite well the amplitude and phase of the heat wave by choosing an appropriate profile for the modulation source. Equally good fits can be obtained both with the fractional model, for a ¼ 1:75, and with conventional diffusion. However, since the source width required for the fractional fit is larger than expected for ECH absorption, it is suggestive that the transport in this experiment may correspond to Fick's law.
There is a class of experiments in which the outer regions of tokamak plasmas are subjected to external perturbations that induce cooling (so called "cold pulse" experiments). The results of these experiments are thought to present strong evidence for the presence of nonlocal transport processes in the plasma. However, in general, such experiments are far more complex than the simpler situations chosen for comparison in the present manuscript, and thus present a modeling challenge. Part of the complexity is that the cooling mechanisms are indirect and not localized, involve a variety of atomic processes and probably significant equilibrium modification as well. Nevertheless, it is possible that intrinsic, nonlocal transport features, of the type captured in the radial fractional model, play a significant role in the evolution and transport of cold pulses. Further insight into the subtleties of nonlocal transport may be obtained from a dedicated future study, in close collaboration with experimentalists, using an enhanced 2D fractional model that incorporates more realistic features of the plasma equilibrium response and the spatially extended cooling source.
can be used to obtain numerical solutions of the bounded domain fractional diffusion equation (9) . The method allows for a spatially varying fractional diffusivity v a ðrÞ and is based on separating the Riemann-Liouville operator into its two constituent operators: the conventional Laplacian and the (radial) Riesz fractional integration operator. 15 In particular, the method requires appropriately discretizing the Riesz integral operator. The starting point is 
The integral term with limits ½a À h=2; a is dropped since H a ðaÞ ¼ H where the array L kn is defined as 
where M and L are matrices of the arrays M nk and L nk , respectively, on the index range n; k ¼ 1…N À 1, and where B 1 and B 2 are boundary matrices defined as The first boundary matrix B 1 is zero except for the first and last rows. The constants that appear in the expression for B 1 are defined as
The second boundary matrix B 2 is nonzero only for the first column; this first column is the vector P NÀ1 n¼1 L k;n V ð0Þ n plus two extra terms that appear on the first and last row only.
